In the last two decades, the level of investigation into low salinity water (LSW) flooding has sharply increased. LSW with adequate composition and salinity is injected into the reservoir, which changes the properties of the reservoir rock, thus improving oil recovery. However, for certain reservoirs there might be no improvement at all. This has led for further studies on what exactly governs the lack of improvement upon LSW injection in different reservoirs. Focus was placed on acidic and basic components present in crude oil. They are characterized by measuring total acid number (TAN) and total base number (TBN). This study investigates the wettability alteration of Berea sandstone rock with different crude oil acid and base numbers at specific LSW concentrations and compositions. For this purpose, the sessile drop method was used in specified times. Moreover, the experiments were conducted in two stages, which included crude oil A and B. The experimental results revealed that a significant change in wettability was experienced by the LSW composition of cations K and Na for the crude oil composition with lower acid number.
Introduction
The LSW injection method has since gained wide attention and interest from many researchers. Nasralla et al. (2011) , by conducting injection studies with deionized water and seawater, demonstrated that the former improved oil recovery significantly rather than the latter 1) . With the purpose of enhancing oil recovery, low salinity water (LSW) with adequate composition and salinity is injected into the reservoir, which changes the wetting properties of the reservoir rock into that favoring oil recovery 2), 3) . There are many theories regarding the mechanisms of wettability alteration in presence of LSW which are fine migration 4) , the pH effects 3) , multiple-component ion exchange (MIE) 5) , and wettability modification due to double layer expansion 2), 6) . Ligthelm et al. (2009) suggested that the application of LSW results in an expansion of the ionic electrical double layer between the clay and the oil interfaces. This causes the oil to be desorbed from the rock surface thus increasing the water wetness 6) . Residual oil determination is in part dependent on the wettability of the rock. Wettability measurements are performed in laboratory by several methods. Among many, there are the sessile drop method and zeta potential, which provide the results in terms of contact angle. For this case, the degree of wetness is determined following certain classifications. According to Fanchi et al. (2010) , a reservoir rock is considered strongly water wet if the contact angle with reference to water varies between 0-30°; moderately water wet is from 30-70°; neutrally wet 75-105°; moderately oil-wet 105-150° and finally 150-180° for strongly oil-wet 7) .
LSW Mechanism
Clay minerals constitute the major percentage of sedimentary rocks and they have negative surface charge 8) . This property causes the positively charged ions to adhere to it as in the case of Ca 2 , Mg 2 , Na , or K . Ions such as Ca 2 and Mg 2 are called divalent cations. They are present in great amounts in the formation water and assist in adsorption of oil onto the surfaces of the rock. This eventually creates oil-wet conditions for the rock and thus causing most of it to be trapped within the reservoir 5) . Upon LSW injection ( Fig. 1(a) ) and due to the ion exchange capability of the clay minerals, there is replacement of the divalent cations by the monovalent cations. The divalent cations leave the rock surfaces along with the desorbed oil ( Fig. 1(b) ).
Since the monovalent ions are one ended, their adsorption to clay surfaces causes no further oil to be adsorbed and thus creating a water wet condition ( Fig. 1(c) ). The aforementioned methods constitute what is called the multiple-component ion exchange (MIE) mechanism 5) .
Materials

1. Rock
The reservoir rock was obtained from the KOCUREK Co. (USA). Its additional properties as received from the company are displayed in the Table 1 . Some of these properties were confirmed by performing mineral analysis by the X-ray diffractometer (XRD) and basic routine core analysis by the poroperm machine. Table 2 shows results obtained from the poreperm machine. The XRD analysis was conducted with the main aim of identifying the silica oxide based minerals and its pattern is displayed in the Fig. 2 . Moreover, the Table 3 further summarizes results for mineral composition from XRD.
The values of permeability from Tables 1 and 2 are different. This is because of the different methods used for measuring it. The company permeability ( Table 1 ) is brine measured while that of the poreperm is gas measured ( Table 2 ). For gas-based permeability, the Klinkenberg effect is present which contributes to the high value of the permeability.
2. Crude Oil
The effectiveness of LSW is in part influenced by the presence of polar components within the crude oil. No effect has been observed by the use of oil free from polar components 2) . Total acid number (TAN) and total base number (TBN) are important parameters for characterizing the polar components within the crude oil. TAN is defined as the total amount of potassium hydroxide (KOH) in milligrams, required for neutralizing 1 g of the petroleum acid in the crude oil; whereas, TBN is defined as the total amount of KOH in milligrams per 1 g of the crude oil 9) . Two samples of crude oil designated as crude oil A and B were used. Table 6 summarizes the properties of all brines. Figure 3 shows a schematic drawing of the experimental procedures. The first step consisted in extracting 62 core slices from the core plugs. Then the slices were polished and cleaned with toluene. Next, they were dried in oven at 105
Methodology
for about 24 h. The second step entailed the saturation of the core slices with formation water (FW) by using a vacuum pump for 2 to 4 h. After saturation, the slices were put in the oven for nearly 72 h at 80 . Next, they were aged in crude oil (31 slices for crude oil A and 31 for crude oil B) at stabilized temperature of 80 for 72 h. Finally, the slices were immersed in respective LSW enumerated from one to 30 LSW1-LSW30 and formation water (Fig. 4) Wettability measurement was performed by the sessile drop method using the IFT 700 equipment (Fig. 5) .
Here, results were recorded after each 0, 6, 12 and 24 h by taking photos of the water drop shape on the slices (Figs. 6-11 ). This procedure was repeated for all the compositions. In addition, the experiments were performed in two stages each of which focused on each type of oil (crude oil A and B). The methods described above, follow a modification from the standard ones by Shabib-Asl et al. (2014) 10) .
Results
Figures 12 through 16 represent changes of contact angle with time for the NaCl, KCl, MgCl2, CaCl2, FW compositions and the mixture of all of these components for the crude oil A and B. The concentrations of LSW are varying from 500 to 6500 ppm. Here, for all LSW compositions and concentrations, the contact angle is changing throughout the time except for the formation water composition that depicts no appreciable changes. Figure 12 depicts changes of contact angle for the KCl composition. Both crude oil A and B create d i ff e r e n t e ff e c t s f o r t h e s e t i n t e r va l s o f t i m e . Furthermore, the changes of contact angle for crude oil B are larger and faster than crude oil A. For instance, at the end of 24 h, the change of contact angle for LSW-20 for crude oil B is greater than that of LSW-20 for crude oil A (approximately 110 to 55° versus 110 to 65°, respectively) as shown in Fig. 12 .
1. KCl Composition
In Fig. 12A ), the contact angle decreases steadily and rapidly from zero to 12 h. However, from 12 to 24 h, the decrease in contact angle is slow. For the interval of 24 h, the composition LSW-19 creates maximum change of contact angle (112 to 62°). Conversely, LSW-24 creates least changes of contact angle (111 to 89°). For the Fig. 12B) , the contact angle decreases rapidly from zero to 6 h. From 6 to 12 h the decrease in contact angle is slow. From 12 to 24 h, the contact angle continues to decrease slowly. For the whole interval of 24 h, still the composition LSW-19 causes largest changes of contact angle (112 to 53°). In contrast, LSW-24 causes smallest changes of contact angle (111 to 82°). 
2. NaCl Composition
For this case, still both crude oils create different effects on contact angle changes. As shown in the Fig. 13A) , in the first 12 h, the contact angle decreases rapidly. From 12 to 24 h, the contact angle decreases slowly. Here, for the whole span of 24 h, the LSW-01 composition causes greatest change of contact angle (112 to 73°). In addition, the LSW-06 composition c a u s e s m i n i m u m c h a n g e (110 t o 85°) . I n t h e Fig. 13B) , it is clear that the same compositions and concentrations create different effects on contact angle. There is a steady and rapid decrease in contact angle from zero to 6 h. However, from 6 to the end of 24 h, the decrease in contact angle is slow and not steady. Moreover, changes of contact angle are greater than in the Fig. 13A) . Moreover, for crude oil B, the LSW-01 composition presents greatest changes of contact angle (112 to 65°), while LSW-06 causes least changes (111 to 80°). 
3. CaCl2 Composition
The third case consists in verifying the changes of contact angle with time for the CaCl2 brine composition. As displayed in the Fig. 14 , the contact angle is decreasing with time. For both Figs. 14A) and 14B), the contact angle decreases rapidly for the first 6 h. However, from 6 to 24 h the decrease in contact angle is slow. In the interval of 24 h, both crude oil A and B c r e a t e d i s t i n c t e f f e c t s o n t h e c o n t a c t a n g l e . Figure 14A) shows changes of contact angle for the crude oil A. Here, at the end of 24 h, the composition LSW-07 causes maximum changes of contact angle (112 to 78°). In contrast, LSW-12 causes minimum change (112 to 94°). Figure 14B ) displays contact angle changes for crude oil B. As shown, at the end of 24 h, still the LSW-07 composition creates maximum changes of contact angle (110 to 71°) and LSW-12 creates least changes (111 to 90°). Furthermore, from the . 15 , the changes of contact angle for crude oil A are slower and relatively smaller than of crude oil B. Additionally, for both crude oils, within the first 6 h, the changes of contact angle are rapid. From 6 to 24 h, the changes are slow. From Fig. 15A ) and interval of 24 h, the composition LSW-13 causes maximum changes of contact angle (112 to 85°). In contrary, LSW-18 creates minimum changes (110 to 96°). For crude oil B (Fig. 15B) ), the composition LSW-13 creates maximum changes of contact angle (110 to 75°). In contrast, LSW-18 creates minimum changes of contact angle, that is, from 110 to 93°.
Composition
The last case is representative of contact angle changes for the mix composition. As shown in the Fig. 16 , at each time interval, the contact angle is decreasing. Similar to the previous cases, the effects created by both crude oil A and B are different. Here, contact angle changes for the crude oil A are lesser and slower for each composition than of crude oil B.
From Fig. 16A ), there is a rapid decrease of contact angle for the first 6 h. From 6 to the end of 24 h the decrease is slow with exception to the LSW-25 that presents quite fast decrease. Here, the LSW-25 creates maximum changes of contact angle (110 to 75°). On the other hand, the LSW-30 composition creates least changes of contact angle (112 to 98°). For crude oil B (Fig. 16B) ), still the contact angle decreases rapidly in the first 6 h. However, from 6 to 24 h, the decrease is slow with the LSW-25 showing slightly faster decrease. The LSW-25 composition causes maximum changes of contact angle (110 to 63°), while LSW-30 causes minimum changes (112 to 91°). 
Discussion
We observe that at fixed concentration of LSW, the changes of rock wettability in presence of crude oil B (with higher TBN and lower TAN) are greater than those in presence of crude oil A (with higher TAN and lower TBN). Skauge et al. (1999) has reported similar results. The author used core samples of sandstone lithology and verified that the wettability changed to more oil wet conditions at higher acid number and to more water-wet conditions at higher base number 11) . There are several mechanisms behind this behavior. First, the polar components present in the oil phase may be ionized depending on the pH value. The ionization of basic material results in positively charged crude oil components; while the ionization of acidic material results in negatively charged crude oil components 12) . These hypotheses are important in understanding the system described below.
We examine an oil/brine/rock system where the formation brine consists mostly of divalent cations, before LSW injection. The presence of these ions results in formation of a water film between the rock and the crude oil 13) . The water film is positively charged, thus it attracts more the negatively charged crude oil acidic components than does for the positively charged crude oil basic components. Therefore, if we consider the crude oil as characterized with higher TAN and lower TBN, it would have established more oil-wet conditions (say system A); whereas, that with crude oil of higher TBN and lower TAN would have created less oil-wet conditions (say system B). Since the system A is more oil wet, we do not expect significant changes of this wettability state upon LSW injection because the acidic components are tightly held through the water phase. However, for the system B, there will be significant change of wettability because the basic components are loosely held through the water phase. This explains the least changes in wettability for crude oil A as compared to crude oil B.
From the results it is also observed that for both crude oils A and B, the KCl composition causes the greatest changes of wettability followed by NaCl, then MgCl2, next CaCl2, and finally the mix composition. Thus if we assume the MIE mechanism, then the easiness of replacement of Ca 2 and Mg 2 cations from the rock surfaces is of order K, Na, Ca and finally Mg. That is, a LSW composed of KCl at appropriate concentration, will readily replace most of Mg 2 or Ca 2 cations than would Na , Ca 2 and Mg 2 . This is true and possibly explained based on the reactivity series (RS). From the reactivity point of view, K is the most reactive and thus it would easily react and bond to the clay surfaces. The second most reactive is Na , then Ca 2 and finally Mg 2 . Therefore, from the results, their reactivity series for a LSW flooding can be reformulated as follows: K Na Ca 2 Mg 2 . Regarding the aforementioned, it becomes necessary to add one more condition for the MIE mechanism. This condition supports that the replacement of the divalent cations follows the reactivity series termed as MIE-RS.
Conclusions
The changes in wettability of a certain reservoir are affected by the polar components present in the crude oil. Their characterization is performed through measurements of the crude total acid number (TAN) and total base number (TBN). The magnitude of the change of wettability is dependent on the concentration of the components. Here, there is much change of wettability when there is high TBN and low TAN.
The changes of rock wettability are not only dependent on the concentration of crude oil polar components, but also on the composition and concentration of the brine. From the experiment, greatest changes of wettability for both crude oil A and crude oil B were experienced for KCl composition at 500 ppm followed by the NaCl at 500 ppm.
Furthermore, a new mechanism, MIE-RS, is proposed which could open the gates for future studies on wettability alteration upon LSW flooding. However, it has no laboratory basis; therefore, it is only well suited for future work. 
